where G is a sigmoid function such as G( y) ϭ e y / (1 ϩ e y ). Given k and the set of independent variables (x 1 , x 2 , . . . x d ), the model parameters (␤ i , ␥ ij , i ) were estimated by ordinary least squares. Models with different values of k or a different set of x's were compared with a GCV criterion function
where p is the number of fitted parameters, and n is the sample size. V 1 is the standard GCV criterion [see G. Wahba, Spline Models for Observational Data (Society for Industrial and Applied Mathematics, Philadelphia, 1990)]. We used c ϭ 2 based on (11) . This slight over-penalization of model complexity creates a small bias toward simpler models but greatly reduces the chances of spuriously selecting an overly complex model. The FNN models were fitted with FUNFITS, a suite of S/Fortran functions that run in S-Plus (see www.cgd.ucar.edu/stats/Funfits/). 15. We evaluate the significance of the improvement in fit between a "full" model that incorporates a predictor variable and a "reduced" model that omits the variable. The bootstrap test procedure consists of generating a large number of artificial time series with the reduced model and fitting each of these time series with both the full and reduced models. The artificial time series are generated from the reduced model by adding a vector of randomized residuals to the vector of predictions from the reduced model. In the few cases where the resulting values are negative, we replace them by a lower threshold of 0.1 (equal to the minimum value observed in the data). The improvement in fit between the full and reduced models on the original data is compared to the improvements in fit on the artificial time series, in which any apparent improvement is an artifact of the larger number of parameters and variables in the full model. Let ⌬ i r 2 denote the difference in r 2 between the full and reduced models for the ith time series (with i ϭ 0 being the original data and i ϭ 1, 2, . . . n being the artificial data). Myotonic dystrophy (DM, prevalence 1 in 7400 live births) is characterized by dominantly inherited muscle hyperexcitability (myotonia), progressive myopathy, cataracts, defects of cardiac conduction, neuropsychiatric impairment, and other developmental and degenerative manifestations (1) . This complex phenotype results from the expansion of a CTG repeat in the 3Ј untranslated region (3ЈUTR) of the DMPK gene, which encodes a serine-threonine protein kinase (2) . The transcripts from the mutant allele are retained in the nucleus (3, 4) , and levels of DMPK protein are correspondingly reduced (5) . The expanded repeat also changes the structure of adjacent chromatin (6) and silences the expression of a flanking gene (7, 8) , SIX5, which encodes a transcription factor. The effects on DMPK and SIX5 expression may account for particular aspects of the DM phenotype. Dmpk knockout mice have reduced force generation in skeletal muscle (9) and ab-normal cardiac conduction (10) , which suggests that loss of DMPK function may contribute to the muscle weakness and cardiac disease in DM. Six5 knockout mice have an increased frequency of cataracts (11, 12) , suggesting that loss of SIX5 function underlies the development of cataracts in DM. However, neither Dmpk nor Six5 knockout mice have reproduced the myotonia and progressive myopathy (9, 11, 13) that are the most characteristic and severe features of the disease. This suggests a species difference in the requirement for SIX5 or DMPK, or the existence of another independent effect of the expanded repeat.
We investigated the possibility that the pathogenic effect of the DM mutation is mediated by the mutant mRNA-in other words, that the nuclear accumulation of expanded CUG repeats is toxic to muscle fibers. This possibility was suggested by the unusual location (3Ј noncoding sequence) of the mutation, the retention of mutant DMPK mRNA in muscle nuclei (3), evidence that expanded CUG repeats form extended hairpins (14, 15) , and the observation that transcripts with expanded CUG repeats inhibit the differentiation of myogenic cells in tissue culture (16) . We used a genomic fragment containing the human skeletal actin (HSA) gene (17) to express an untranslated CUG repeat in the muscle of transgenic mice. An expanded (ϳ250 repeats) or nonexpanded (5 repeats) CTG repeat was inserted in the final exon of the HSA gene, midway between the termination codon and the polyadenylation site (Fig. 1A) (18) . This placement is similar to the relative position of the CTG repeat within the human DMPK gene, but the repeat tract is shorter than the highly expanded alleles (1 to 4000 CTG repeats) in DM skeletal muscle (19) . Except for the repeat, the HSA constructs are devoid of sequences from the DM locus. Transgenic mice expressing a similar HSA fragment without the added CTG repeat have neither increased actin content nor abnormal muscle histology (20, 21) , despite having increased levels of actin mRNA. (Human and murine skeletal actin have the same amino acid sequence.)
We obtained seven lines of transgenic mice expressing the long repeat (LR) and five expressing the short repeat (SR) (Fig. 1B and Table 1 ) (22) . The transgene was expressed only in skeletal muscle (23) . Some of the mice from the HSA LR lines carrying the highest number of transgene copies (LR20a and LR21) showed silencing of the transgene. The expanded CTG repeats were fully transcribed, as shown by the appropriate increase in the length of the HSA LR mRNA and its hybridization with a (CAG) 10 probe (Fig. 1C) .
Analysis of the HSA LR mRNA by Northern blot (Fig. 1C) and sequencing of HSA LR cDNAs revealed that the long-repeat transcripts were fully spliced and polyadenylated, and that the actin coding sequence was intact (24) . A variable amount of the HSA mRNA in line L32a was shortened (Fig. 1B) because of activation of cryptic splice sites in the 3ЈUTR, which results in the excision of the CUG repeat tract and 72 nucleotides (nt) of flanking sequence in an intron (25) . This splice event was also detected at low levels by reverse transcription-polymerase chain reaction (RT-PCR) in other long-repeat lines, but not in lines with short repeats.
The phenotype of mice in line LR32a was analyzed most extensively because the expression level of the long-repeat transgene was high and silencing was infrequent. These mice showed normal weight gain and histology of nonmuscle tissue, but after weaning they had a mortality of 41% by 44 weeks (versus Ͻ5% in nontransgenic or HSA SR mice). Necropsy did not reveal the cause of death. In DM, cardiac arrhythmia is the second leading cause of death. Although we did not detect HSA LR expression in the heart, the possibility of regional, low-level, or transient expression has not been excluded. There was no evidence of muscle weakness in LR32a mice at 6 months of age (26).
Electromyography in HSA LR lines revealed high-frequency (50 to 200 Hz) runs of muscle action potentials that continued for 1 to 20 s after insertion or repositioning of the recording electrode (Fig. 1E) (27) . These repetitive discharges waxed and waned in frequency and amplitude, as is typical of myotonia in DM. Myotonic discharges were observed in six of seven lines that expressed long repeats, but not in short-repeat or wild-type mice ( Table 1 ). The long-repeat mice also showed abnormal hind- limb posture when they initiated movement after a period of inactivity or when they were suspended by the tail. Myotonia was present in HSA LR mice as early as 4 weeks of age, when the muscles had a normal histologic appearance. These observations indicate that HSA LR mice have a true myotonic disorder, rather than nonspecific hyperexcitability associated with muscle necrosis.
Mice that expressed the long-repeat transgene developed histologically defined myopathy, whereas those expressing short repeats did not (Fig. 2 and Table 1 ) (28) . Six of seven lines expressing long repeats showed a consistent pattern of muscle histopathology, including increases in central nuclei and ring fibers and variability in fiber size (Fig. 1F) . Higher levels of HSA LR expression were associated with more severe pathology ( Table  1) . Although abundant central nuclei, variability in fiber size, and ring fibers can each be observed in other disorders, this constellation of features in the absence of muscle fiber necrosis is suggestive of DM (29) . In addition, mice in line LR32a had up-regulated the activity of succinate dehydrogenase (Fig. 2H ) and cytochrome oxidase (23), a characteristic feature of oxidative muscle fibers. This alteration may have been triggered by the repetitive myotonic discharges, because a similar oxidative transformation in the muscle of Clcn1
Adr myotonic mice is reversible with anti-myotonia treatment (30) . The proportion of oxidative fibers is also increased in human DM (31) .
To quantitate the changes in myonuclear number and location, we performed morphometry with antibodies to laminin to outline the basement membrane of muscle fibers (Fig. 2, E and F) (32) and to distinguish muscle nuclei from the nuclei of interstitial cells. Relative to mice expressing short repeats, mice in line LR32a had more than twice the number of nuclei per muscle fiber and a much higher proportion of central nuclei (Table 2 ). In human DM there is a similar up-regulation of myonuclear number and a marked increase in central nuclei (33) .
The intracellular location of expanded CUG repeats was determined by fluorescence in situ hybridization (FISH) (34) . The long-repeat transcripts were retained in the nucleus in multiple discrete foci (Fig. 2G ) reminiscent of those seen in fibroblasts and myoblasts from DM patients (3) . Because the expanded CUG repeat is the only sequence shared by the HSA LR and DMPK mRNAs, it appears that this sequence is sufficient to trigger the nuclear retention of a mature mRNA.
These results are consistent with the idea that transcripts with expanded CUG repeats are Table 1 . Characteristics of HSA transgenic lines. For relative HSA expression levels, ϩϩϩ is similar to the level of HSA mRNA in human skeletal muscle. For electromyography, the number of mice showing myotonia per number examined is shown. "Ϫ" indicates lines that were not examined. Histologic analysis and electromyography were performed on mice aged 6 to 14 months, except for lines LR32a and LR41, where seven younger mice (1 to 4 months) were also analyzed. Twenty-two mice in line LR32a had abundant myotonia in all regions examined, and seven had myotonia in paraspinal but not forelimb muscles (hindlimbs were not examined). Six hemizygous LR41 mice did not have myotonia up to 14 months of age, but four homozygous animals all developed myotonia before the age of 4 months. CN, central nuclei; ϩϩϩ indicates CN in more than 25% of fibers.
Line
Copy number mRNA level Myotonia Muscle histopathology deleterious in muscle fibers. A direct effect by the CTG repeat tract in DNA is unlikely, because HSA LR mice that do not express the mRNA appear normal. An effect by actin protein is unlikely because (i) HSA SR lines had no myopathy or myotonia, (ii) the levels of actin protein were not increased in long-or shortrepeat lines (Fig. 1D) (35) , (iii) mutant actin was not detected (Fig. 1D ), (iv) nuclear retention would limit the translation of HSA LR transcripts, and (v) the protein product of the HSA LR mRNA, if it were translated, would be identical to murine skeletal actin. Current formulations for the mechanism of genetic dominance, which posit effects solely at the level of proteins encoded by mutant genes (36) , may need to be revised.
The mechanism by which transcripts with expanded CUG repeats induce myotonia and muscle degeneration is unclear. Models involving trans-interference with polyadenylation (37) or splicing (38) , sequestration of a CUG binding protein (39) , or interactions with double-stranded RNA binding proteins (15) have been proposed. The deleterious effects of expanded CUG repeats are probably not restricted to skeletal muscle or DM, because expansion of an untranslated CTG repeat in a brain-expressed gene was recently associated with autosomal dominant cerebellar degeneration (40) .
Muscle wasting and weakness is a frequent feature of DM. HSA LR mice, however, have not developed obvious weakness or muscle wasting by the age of 6 months. It is possible that muscle regeneration and repair can compensate for the myopathy in HSA LR mice. Alternatively, the HSA LR model may be incomplete because of factors related to the CUG repeat (its length, developmental expression, and flanking sequences) or a requirement for other effects of the DM mutation, such as deficiency of DMPK or SIX5. 
